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1.0  INTRODUCTION 


As  a  possible  aid  to  improving  VLF/LF  modeling  capability  associated  with 
trai ling-wire  antennas,  this  study  examines  a  dipole  segmentation  process  for 
rather  quickly  estimating  the  radiation  resistance  of  thin  antennas  of 
arbitrary  elevation  and  orientation  over  a  perfectly  conducting  ground.  For 
thin  antennas,  the  current  distribution  is  sinusoidal,  and  that  distribution 
serves  as  the  basis  for  sample  calculations  presented  in  this  report.  Utility 
of  the  method  for  estimating  the  radiation  resistance  of  airborne  trailing- 
wire  systems  depends  upon  the  validity  of  the  assumed  sinusoidal  current 
distribution.  Deviations  from  the  assumed  distribution  arise,  in  part,  from 
the  finite  conductivity  of  the  wire  and  ground  as  well  as  from  the  nonzero 
thickness  of  the  antenna.  A  computer  program  that  allows  for  such  effects  is 
the  Numerical  Electromagnetic  Code  (NEC)1,  and  additional  studies  using  this 
code  should  be  made  to  define  clearly  the  limitations  of  the  present 
devel opment. 

In  the  following  section,  the  formula  for  radiated  power,  based  on  dipole 
segmentation,  is  developed  by  integrating  the  Poynting  flux  generated  by  the 
system  of  radiators  over  a  hemisphere.  Although  the  emf  methoc£»3,4  may  offer 
advantages  (e.g. ,  the  method  determines  the  complex  impedance)  over  the  direct 
Poynting  flux  integration,  no  attempt  has  been  made  to  use  that  method  in  the 
present  development.  In  Section  3,  numerical  results  are  given  for  half-wave 
linear  antennas  of  varying  inclination  and  for  half-wave  spiral  type  antennas. 
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2.0  DEVELOPMENT  OF  THE  SEGMENTATION  FORMULA 

Figure  1  shows  the  configuration  for  the  nth  dipole  of  current 

moment  .  The  dipole  is  located  at  (x  y  2  )  with  orientation  <j>  and 
n  n,  n,  n  n 

Yn  relative  to  the  x  and  z  axes,  respectively.  The  field  point  at  P  has  the 

spherical  coordinates  (R,  9,  4>).  A  time-dependence  exp(iut)  is  assumed  where 

i  =  \£T,  u>  is  the  circular  frequency,  and  t  the  time.  The  point  P  is  assumed 

to  be  in  the  far  field  so  that  the  dipole  field  components  in 

5 

the  0,  4>  directions  are  as  follows: 

i)  Field  components  generated  by  z  component  of  dipole. 

E0  =  -Ang(R)cosynsin0[exp(i^)  +  R^expH^)]  (1) 

H(J)=  Bng(R)cosYnsi  n9[exp(  i^)  +  Ryexp(i<^)]  (2) 

ii)  Field  components  generated  by  x  component  of  dipole. 


E  g  =  Ang(R)sinYncos'fncos9cos4i[exp(  i<^}  -  Ryexp(i^)l  (3) 

-Bng(R)sinYncos4>ncos9cos(t)[exp(i^)  -  Ryexp(i^)j  (4) 

-Ang(  R )  si  nYnc°s<i>nsi  n<^[exP(  +  RHexp(i4g)]  ^ 

H  g  =  -B  ng(  R )  si  nYncos4>nsi  n  <t>  [exp  ( i<|>jj)  +  RHexp(i<|/)]  (b) 


iii)  Field  components  generated  by  y  component  of  dipole. 


Ee  =  Ang(R)sinYnsin<t>ncos0sin<i>[exp(i4$)  -  Rvexp(  ] 


H,  =  -B  g  ( R )  s  i  ny  si  n<j>cos9si  n<t>[exp(  i<F„)  -  Ruexp(i</)] 

0  n  n  n  n  v  \\ 


E  =  Ang(R)si  nynsi  n4>ncos 4>[exp(  i 4-^)  +  RHexp(  i<i£)  ] 


H0  =  Bng(R)si  nynsi n4>ncos<f[exp{  +  RH  exp(i^)] 


where 


g(R) 


-ikR 


f^0 

n  J  E  4  iti 

v  o 


ikM, 


B  = 

n 


4  TI 


J-  -  k( sinflcos'tix  +  sin9sin<t>y  +  cosQz  } 


J  -  k(  si n9cos<ixn  +  sin9sin4)yn  -  cos9zn) 


k  =  free  space  wave  number 


Rv  =  Fresnel  reflection  coefficient  for  TM  polarization 


Ru  -  Fresnel  reflection  coefficient  for  TE  pol ari zatrion 


For  the  special  case  of  a  perfectly  conducting  ground,  Ry  =  l  and  R^  =  -1. 
The  total  field  components  then  become: 


E0=  -Ang(R)[gln(9,<t>)exp(i<j/j)  +  g9n( e, 4>)exp(  i<j£)  ] 


n'  y2n 


%=  Bpg(R)  [gln(  0,<t))exp(i^)  +  g2n( 9, <t>)exp( i<i£)  ] 


E<0=  _An9(R)93n( [exP(i<^  "  exp(i^)] 


H0  =  -Bng(R)g3n(e,<t.)[exp(i^)  -  exp(i^)] 


where 


91  9*  =  cos>'nsine  "  si  nyncos9cos(  <t>-4>n) 


g0  (9,0)  =  cosy  sine  +  siny  cos9cos(0-0  ) 
tn  n  n  n 


g3n(  9,0)  =  sinynsin(0-0n) 


The  time  average  Poynting  flux  in  the  radial  direction  is 


J  Re f£eH*  •  e/e] 


where  Re  stands  for  the  real  part  and  the  *  for  the  complex  conjugate. 
Therefore, 


Hr  =  -  2  g<R)g*(R)Re{  l  AnB*[exp(i(d,J-^) )(glnglm  +  g3ng3m) 


*  exp(u^-  ♦;»(glng2.-  93ng3m) 
t  exp  (i  ( il£  -  ^>)<92nglm  -  93n93nl)]) 
Now  the  phase  terms  are  given  by: 

<  -  i  -  ^sinecosU  -  ♦  2-nn,cos9 

*!  -  "S  *  rnms1n9cos<*  -  ««>  -  znmcos9 

*S  -  i  =  rr«.s1"ecos(*  -  *nm'  *  2*nmcos9 

4>r  -  <ld  =  r  sin9cos(<}>  -  $  )  -  z  cos9 

n  m  nin  nm  nm 

where 

rnm  =  k((Kn  -  V2  +  (*n  ‘  *m>2  >1/? 
z™  =  k(zn  -  "m1 


(24) 

(25) 

(26) 

(27) 

(28) 

(29) 

(3U) 

(31) 


Also, 


|  9ln9lnf  cosYncosYmsin2e  +  \  si nYflsi nYmcos29cos( 

i 

i 

i 

i  -  cosy  sinY  si  n0cos0cos( <(>-<)>  )  -  cosy  sinY  si  n0cos9cos(  4>- <|>  ) 

n  m  m  m  n  n 


+  i  sinY  sinY  cos29cos(2$-4>  - 4>  ) 
c  n  m  n  m 


92n92m  =  cosYncosYmsi n2 9  +  \  sinYnsi nYmcos29cos( 


+  cosYnsi  nYmsi  n9cos9cos(  +  cosYmsi  nYnsi  n9cos9cos(  4>-  4>n ) 


+  ^  si n Ypsi nYmcos2  9cos( 2 <j>- <t>m-  ) 


9ln92m  =  cosYr)cosYmsi  n^9  -  \  si  nYnsi  nYmcos29cos(  <Dm) 


+  cosy  sinY  si  n9cos9cos( <t>- 0  )-cosy  sinY  si  n9cos9cos(  4>- 4>  ) 
n  m  rn  m  n  n 


■  -  |  sinYnsinYmcos29cos(24>-4im-4in) 

I 

92n9im  =  cosYncosYmsi  n2  9  -  \  si  nYnsi  nYmcos29cos(  «„-♦«,) 


+  cosy  sinY  si n9cos9cos( )-cosy  sinY  si n9cos9cos(  0- <J>  ) 
l  m  n  n  n  m  m 

!  -  £  sinYnsinYmcos29cos(2<{i-4)n-0ni) 

I 

93n93m  =  \  sinYnsinYmcos(^n-^)  -  \  sinynsinymcos{Z*-*n-4m) 


(33) 


(34) 


(35) 


(36) 

(37) 


6 


The  time- averaged  power,  Pw,  radiated  by  the  system  of  dipoles  is 
obtained  by  integrating  the  radial  component  of  the  time-averaged  Poynting 
vector  over  the  surface  of  a  large  hemisphere.  Thus, 


Pw  =  Urn  [R2  /K/sin0d0  /r^d*] 
R-x®  o  o 


The  integral  over  <j>  may  be  evaluated  by  using  the  well-known  expansion** 


gi  XcosfL  J  (Me1np  (39) 

n=-® 

where  Jn  is  the  Bessel  function  of  the  first  kind  of  order  n.  In  effect,  only 
terms  with  n=0,±l  and  ±2  survive  the  <j>  integration.  The  result  after 
integration  over  <t>  is 

* 

Pw  =  -2  ti  l  ApBm  /  sin0d0x 
n,m  o 

l[coSYnco$Ym  +  j  s,nVinVos(  Wlcos,znn.  cose|Joirn,nsin0) 

+  [COSYnCOSYm  '  2'  s1nvrs,'nYmcosUn-'tm)lcos(2lcos9)Joir™s1ne) 

+  [-cosyncosYm+  2  Si  nYpsi  nYmcos(  4>n- <t>m)  ]cos20cos(z~mcos0)Jo(rnm$i  n0) 

-[c0SYnC0SYin*  2  sin, nsinYmcos(  ]cos20cos(z+nmcose)Jo(rnmsin()) 

tcosVinV1n0CO59cos(1,nm-»ra)s1n(2™cosO)Jl(r„ms(ne) 
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-cosY„sinymsin9cos9cos($  -<t>  )sin(z  cos0)J,  (r  si  n9) 
n  m  nm  n  nm  1  nm 


+coSYmsinYnSin0cos9cos($nm-4»n>sin<2'nmcos0)Jl(rnmsin9) 


+  cosymsi  nynsi  n9cos0cos($nm-0n)si  n(znmcos9)J1(rnmsi  n9) 


12 

+  x  siny  siny  sin  9cos(2$  -4>  -4>  )cos(z  cos9)J„(r  sin9) 
2  n  m  nm  n  m  nm  2  nm 


2  sf"l'ns1"Vi"i?9cos(2i™-V*n1)cosl<mcos9W2lr™sinS>l 


The  integral  over  theta  in  equation  (40)  may  be  evaluated  using  the  following 
three  formulas: 


2  —  .  ■  , 

I  (sinx)  ^cosl  Pcosx)J  u(asinx)dx=  j2«u(a?+p‘-)~i^v~1/4J v+1^  (( a2+p^ )1//2  )  (41) 


/  (sinx)  uflcosxsin(  pcosx)J  ( asinx)dx=  f^au(3(  a2+p2)  ((a^+p2)1^2) 

q  v  J  c  u+  6/  c 


/  (sinx)  u+1cos2xcos(  pcosx)J  (asinx)dx=  [?au(  a2+32  )"1/r2u_3>/4  [j  ( ( <Ap2  ) 
n  u  v2  u+3/2 


^(A^ri/2Juf5/2((ApZ)i/2)] 


Equation  (41)  is  from  Gradshteyn  and  Ryzhik?,  and  equations  (42)  and  (43)  are 
easily  obtained  from  equation  (41).  To  evaluate  the  theta  integrals  in 
equation  (40),  equation  (41)  is  used  with  v  =  0,2,  equation  (42)  is  used 
with  u=  1,  and  equation  (43)  is  used  with  u  =  o.  With  the  understanding  that 


the  current  moment  ^  is  to  be  expressed  in  terms  of  the  rms  current 
associated  with  the  nth  element,  the  expression  for  the  radiated  power  after 
carrying  out  the  theta  integrations  becomes 


Pw  =  301c  T  M  M 

n 


n,m 


n  m 


{ [cosy  cosy  +  -  siny  siny  cos(«{>  -0  )](u,"  )'1/2j'  /0(u>"  ) 


n  m  y  n  'in  '  n  m'  J'  nm- 


1/2'  nm' 
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(44) 


(47) 


Jl/2 


(x) 


J3/2U) 


cosx  sinx 
Vx  x\/x 


) 


J5/2(x)  =  l  J3/2(x)  "  Jl/2(x) 

Equation  (44)  gives  the  power  radiated  from  an  assembly  of  dipoles.  This 
section  will  be  concluded  by  checking  the  limiting  case  of  Equation  (44)  for  a 
single  dipole  over  a  perfectly  conducting  plane.  Additional  checks  are  given 
in  the  following  section. 

For  a  single  dipole,  the  dipole  subscripts  may  be  omitted.  Observe  first 
that  r  =  0  so  that  the  first  four  terms  of  Equation  (44)  are  the  only  non¬ 
vanishing  terms.  Observe  also  that  or  =  z~  >0  and  that  <j  +  =  z+  =  2kz,  where 
z  is  the  height  of  the  dipole  above  ground.  Also,  the  following  relationships 
apply: 


x-1/2j1/2(x) 

x“3/2J3/2(x) 

x"5/2j'5/2(x) 


_  sinx 


IT  T~*~  0 


=  (- 


cosx 


*  (-1  +  ) 
X2 


i 


SUIX\_ _ + 

x  +  0 
x 

sinx  3cosx 


1_ 

3 


(46) 

(49) 


(50) 


By  using  Equations  (47)  through  (50),  Equation  (44)  for  the  single-dipole  case 
is  reduced  to: 


Pw  =  20k2M2f(z+,y) 

where 


f(z+,y)  =  [l  +  ^  (sinz+-z+cosz+)  ]cos2y 

(zV 

+  [l  +  2  ((l-(zf)2)sinz+  -z+cosz+ }  ]sin2 y 

2(z+)3 

(51) 

Limiting  values  of  f(z+,y)  are: 

f(z+,y)  T - -  1 

Z  >  CD 

.(52) 

f(z+,  y)  — ^ — »  2cos2y 

(53) 

z  >  0 


In  VLF/LF  applications,  ai roorne  trai 1 ing-wi re  systems  are  often  modeled 
by  a  single-point  dipole.  An  often-used  input  to  the  NOSC  mode-summing 
programs  (e.g.,  reference  8)  is  the  power  radiated  by  a  vertically  oriented 
point  dipole  immediately  above  a  perfectly  conducting  ground  plane.  Thus,  if 
a  point  dipole  at  height  z  is  used  to  model  a  trai 1 i ng-wi re  system  radiating  a 
known  power  Pz>  then  the  power,  P,  to  be  used  in  the  waveguide  program,  is 

P/Pz  =  2/f  ( z+  ,  y)  (54) 


*  -ml  4 . 
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However,  it  should  still  be  realized  that  the  point-dipole  approximation  is  a 
questionable  simplification,  and  that  the  preferred  method  is  to  model  the 
antenna  by  a  series  of  dipoles^.  This  requires,  for  a  given  radiated  power, 
knowledge  of  the  antenna  current,  and  the  present  method  is  suggested  as  a 
possible  way  of  expeditiously  estimating  that  current,  especially  when  the 
antenna  is  over  highly  conducting  ground  (e.g.,  seawater). 

Because  it  is  common  practice  to  use  the  point-dipole  approximation,  the 
following  section  will  begin  with  results  based  on  Equation  (54),  followed  by 
results  for  linear  half-wave  antennas,  half-wave  spiral  type  antennas,  and 
finally  for  a  TACAMO  configuration. 
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3.0  RESULTS 


Shown  in  figures  2  through  8  are  results,  based  on  Equation  (54),  along 
with  the  curves 

z  =  (23.9/fkHz)z+  (55) 

which  are  parametric  in  the  frequency,  fkHz>  expressed  in  kilohertz.  The 
individual  figures  are  for  inclinations  ,y,  ranging  from  vertical  (y  =  0°)  to 
horizontal  (y  =  90°)  at  15°  intervals.  All  of  the  curves  for  P/Pz  approach  a 
value  of  2  (or  3  dB)  for  z+>>1.  As  pointed  out  previously^,  that  results 
simply  from  the  fact  that  a  dipole  in  free  space  radiates  one  half  the  energy 
of  the  dipole  of  the  same  strength  situated  vertically  and  immediately  above  a 
perfectly  conducting  plane.  In  the  latter  configuration,  the  image  source 
reinforces  the  primary  source.  This  gives  rise  to  an  effective  moment  which 
is  twice  the  primary,  or  equivalent  to,  a  radiated  power  which  is  four  times 
that  of  the  primary  source  in  free  space.  However,  the  dipole  over  the 
conducting  plane  radiates  only  into  a  hemisphere,  and,  so,  the  net  effect  is 
the  factor  of  two  quoted  above. 

When  z+  ~1,  the  power  ratio,  P /P 2 ,  increases  as  y  increases.  This 
occurs  because  the  vertical  component  decreases  and  because  the  radiation 
i  resistance  corresponding  to  the  horizontal  component  decreases  (the  image 

totally  negates  the  primary  source  for  a  horizontal  dipole  immediately  above  a 
perfectly  conducting  plane). 

I 
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Figures  9  through  15  show  radiation-resistance  results  for  a  half-wave 
linear  antenna  of  inclinations  varying  from  0°  (vertical)  to  90°  (horizontal) 
at  15°  intervals.  The  horizontal  axis  is  the  dimensionless  ratio  of  the 
altitude  of  the  antennas  midpoint  (z0)  to  wavelength.  A  sinusoidal  current 
distribution  is  assumed,  and  the  radiation  resistance  is  referenced  to  the 
current  maxima.  The  radiation  resistance  is  normalized  to  the  free-space 
half-wave  dipole  value  of  73.1Q^. 

Figure  9  shows  comparisons  between  the  results  predicted  from  Equation 
(44)  and  exact  results11  for  a  half-wave  vertical  dipole  (y  -  0°)  over  a 

perfectly  conducting  ground.  Results  of  Equation  (44)  are  shown  for  2 

segments  (N  =  2),  5  segments  (N  =  5),  and  20  segments  (N  =  20).  Convergence 
to  the  exact  result  is  evident.  In  particular,  the  20-segment  calculation 
differs  from  the  exact  calculation  by  ~  H. 

Figure  15  shows  a  comparison  between  the  20-segment  result  predicted  from 
Equation  (44)  and  exact  (analytical)  results11  for  a  half-wave  horizontal 

dipole  (y  =  90°)  over  a  perfectly  conducting  plane.  Again  the  results  differ 
by  ~  1%.  As  expected,  for  all  orientations  the  results  oscillate  and 

gradually  settle  to  the  value  one  for  zQA  ~  1. 

As  an  example  of  a  somewhat  more  general  application  of  Equation  (44), 
figures  16  through  33  show  results  for  what  has  been  termed  here  a  half-wave 
"spiral  dipole."  The  antenna  configuration  is  described  by  the  parametric 
equations 


V"  ( 1  +m  ) ' 


yM  =  (R.  A)  sin  [_ 


m 


t+1 


(4VX)  (l+m2)1/2 


]  >  -l<t<l 


(56) 


zA  =  zQA  + 


4(l+m2)1/2 


where  m  -  tanY  and  RQ  is  the  radius  of  the  spiral.  The  total  rotation  angle 
of  the  spiral  is 


4  = 


m 


2<Vl>  (l*m2>1/2 


(57! 


Again,  the  current  distribution  is  assumed  sinusoidal  with  the  radiation 
resistance  referenced  to  the  current  maxima.  Figures  16  through  21  show 
results  for  RqA  =  0.1,  figures  22  through  27  are  for  R  /\  =  u.2,  and  figures 
28  through  33  are  for  RqA  =  U.3.  At  30  kHz  these  values  correspond  to  radii 
of  1,  2,  and  3  km.  Equation  (57)  shows  that  the  total  rotation  angle 

increases  as  m  increases  and  varies  inversely  with  R0-  °f  the  figures 

from  16  through  33  have  been  generated  from  Equation  (44)  using  a  20-segment 
approximation. 

Unlike  the  half-wavelength  linear  dipole,  the  "spiral  dipole"  curves 
approach  values  for  z  A  ~  1,  less  than  the  free  space  values  because  the 
spiral  feature  produces  a  loop  like  characteri si  tic  to  the  antenna.  The  level 
approached  for  zqA  >  1  decreases  as  the  total  rotation  angle  <\>  increases. 
For  the  same  inclination  angle,  y  ,  the  tighter  spiral  yields  the  lower 
radiation  resistance. 

A  realistic  TACAMu  configuration  is  considered  as  the  final  example. 
Table  1  gives  the  coordinates  of  the  end  points  of  the  segments  used  to  model 
a  6 ,UUU -foot  orbit  configuration  used  by  Bickel  et  al.^ 
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Table  1.  Antenna  coordinates  (6,000-foot  orbit). 


x  (km) 

y  (km) 

z  (km) 

-0.275 

0.000 

1.844 

-0.200 

-0.175 

2.312 

-0.689 

-0.275 

2.937 

0.094 

-0.350 

3.609 

0.269 

-0.350 

4.172 

0.469 

-0.288 

4.750 

0.688 

-0.125 

5.312 

0.862 

0.181 

5.859 

0.925 

0.575 

6.234 

0.825 

1.000 

6.656 

0.594 

1.425 

7.062 

0.212 

1.737 

7.250 

0.000 

1.862 

7.344 

0.010 

1.862 

7.347 

0.604 

1.750 

7.347 

Figure  34  shows  the  radiation  resistance  calculated  from  Equation  (44) 
using  both  a  sinusoidal  current  distribution  and  the  current  distribution 
taken  from  a  NEC  program  output^  at  19.8  kHz  for  the  antenna  configuration  of 
table  1  above  a  perfectly  conducting  ground.  In  this  case,  zq  =  (zb  +  z ^ ) /2 , 

where  z^  is  the  z  coordinate  of  the  bottom  of  the  antenna,  and  zt 
coordinate  of  the  top  of  the  antenna.  For  the  conf i guration  of  table  1 ,  z0  = 


4.595  km  and  z  /\  =  0.303.  The  results  exhibit  the  same  shape  but  differ  by 
about  3%.  Somewhat  surprisingly,  the  NEC  current  distribution  (which  has  both 
in-phase  and  quadrature  components  whose  ratio  slowly  varies  over  the  antenna) 
yields  the  higher  radiation  resistance.  That  may  be  due,  at  least  partly,  to 
the  fact  that  the  NEC  current  output  did  not  include  the  precise  current 
maximum  (all  resistances  given  here  are  presumed  referenced  to  the  current 
maximum).  At  any  rate,  the  agreement  is  sufficiently  encouraging  to  warrant 
further  comparisons  with  NEC.  In  particular,  the  influence  of  finite  wire 
diameter,  as  well  as  the  influence  of  the  finite  conductivity  of  the  wire  and 
ground,  should  be  pursued. 

Exclusive  of  the  counterpoise,  coordinate  extremes  of  which  are  given  by 
the  last  two  row  entries  in  table  1,  the  total  rotation  angle,  4,  of  the 
TACAMO  antenna  is  3.77  Radians.  It  is  interesting  to  note  that  the  result  for 
the  spiral  antenna  for  K  /\  =  0.1,  y  =  45°  (figure  18)  corresponds  to  a  total 
rotation  angle  ^  3.53  Radians.  Though  differing  in  detail,  a  decided 
resemblance  exists  between  the  TACAMO  result  and  that  of  figure  18. 


4.0  CONCLUSIONS 


A  dipole- segmentation  formula  has  been  developed  for  estimating  the 
radiation  resistance  of  thin  antennas  of  arbitrary  elevation  and  configuration 
over  a  perfectly  conducting  ground  plane.  The  formula  yields  good  agreement 
with  the  known  results  for  linear-vertical  and  horizontal  half-wave  dipoles 
over  a  perfectly  conducting  ground  plane.  As  an  illustration  of  more  general 
configurations,  results  have  been  given  for  half-wave  spiral  type  antennas,  as 
well  as  for  a  TACAMO  configuration.  Preliminary  comparison  of  results  for  the 
latter  case,  with  output  from  the  NEC  code,  indicates  a  3%  discrepancy. 
Additional  comparisons  with  NEC  should  be  made  with  particular  emphasis  on 
determining  the  influence  of  wire  thickness,  as  well  as  the  influence  of  the 
finite  conductivity  of  the  antenna  wire  and  of  the  ground. 
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gure  2.  Power  ratio  (Eq.  54)  for  point  dipole  versus  z+  =  2kz  where 
the  dipole  height.  Vertically  oriented. 


)  itq.  for  point  dipole  versus  z  =  2kz  where 
height.  Inclined  30°  from  vertical. 
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Figure  14.  Normalized  radiation  resistance  for  linear  half-wave  dipole  versus 
its  normalized  center  height.  Inclined  75°  from  vertical. 


Normalized  radiation  resistance  for  linear  half-wave  dipole  versus 
its  normalized  center  height.  Horizontally  oriented. 


versus 


Normalized  radiation  resistance  for  half-wave  spiral  type  dipole 
versus  its  normalized  center  height.  Inclined  45°  from  vertical 


versus  its  normalized  center  height.  Inclined  75°  from  vertical 


Figure  21.  Normalized  radiation  resistance  for  half-wave  spiral  type  dipole 
versus  its  normalized  center  height.  Partial  horizontal  loop. 
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Normalized  radiation  resistance  for  half"wave  spiral  type  dipole 
versus  its  normalized  center  height.  Inclined  15°  from 


Figure  24.  Normalized  radiation  resistance  for  half-wave  spiral  type  dipole 
versus  its  normalized  center  height.  Inclined  45°  from 
vertical.  Ro/\=0.2. 
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WAVE  “SPIRAL  DIPOLE 


Figure  32.  Normalized  radiation  resistance  for  half-wave  spiral  type  dipole 
versus  its  normalized  center  height.  Inclined  75°  from  vertical. 


Figure  33.  Normalized  radiation  resistance  for  half-wave  spiral  type  dipole 
versus  its  normalized  center  height.  Partial  horizontal  Iood. 
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CHIEF  OF  NAVAL  RESEARCH 
NAVY  DEPARTMENT 
ARLINGTON,  VA  22217 
CODE  402 
CODE  420 
CODE  421 
CODE  461 
CODE  464 

COMMANDING  OFFICER 
NAVAL  INTELLIGENCE  SUPPORT  CENTER 
4301  SUITLAND  RD  BLDG  5 
WASHINGTON.  DC  20390 


OFFICER-IN-CHARGE 
WHITE  OAK  LABORATORY 
NAVAL  SURFACE  WEAPONS  CENTER 
SILVER  SPRING,  MD  20910 

CODE  WA501  NAVY  NUC  PRGMS  OFF 
CODE  WX21  TECH  LIBRARY 

COMMANDER 

NAVAL  TELECOMMUNICATIONS  COMMAND 
NAVTELCOM  HEADQUARTERS 
4401  MASSACHUSETTS  AVE,  NW 
WASHINGTON,  DC  20390 
CODE  24C 

COMMANDING  OFFICER 
NAVY  UNDERWATER  SOUND  LABORATORY 
FORT  TRUMBULL 
NEW  LONDON,  CT  06320 
PETER  BANNISTER 
DA  MILLER 

DIRECTOR 

STRATEGIC  SYSTEMS  PROJECT  OFFICE 
NAVY  DEPARTMENT 
WASHINGTON,  DC  20376 
N141 

DEPARTMENT  OF  THE  AIR  FORCE 

COMMANDER 

ADC/DC 

ENT  AFB,  CO  80912 
DC  (MR  LONG) 

COMMANDER 

adcom/xpd 

ENT  AFB,  CO  80912 
XPQDQ 
XP 

AF  GEOPHYSICS  LABORATORY,  AFSC 
HASCOM  AFB,  MA  01731 
CRU  (S  HOROWITZ) 

AF  WEAPONS  LABORATORY, AFSC 
KIRTLAND  AFB,  NM  87117 
SUL  (2) 

DYC 

COMMANDER 

ROME  AIR  DEVELOPMENT  CENTER,  AFSC 
GRIFFISS  AFB,  NY  13440 
EMTLD  DOC  LIBRARY 

COMMANDER 

ROME  AIR  DEVELOPMENT  CENTER,  AFSC 
HANSCOM  AFB,  MA  01731 
EEP  JOHN  RASMUSSEN 
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COMMANDER  IN  CHIEF 
STRATEGIC  AIR  COMMAND 
OFFUTT  AF8.  NB  68113 
NRT 
XPFS 

LAWRENCE  LIVERMORE  NATIONAL 
LABORATORY 
PO  BOX  808 
LIVERMORE,  CA  94550 
TECH  INFO  DEPT  L-3 

LOS  ALAMOS  NATIONAL  SCIENTIFIC 
LABORATORY 
PO  BOX  1663 
LOS  ALAMOS,  NM  87545 

DOC  CON  FOR  TF  TASCHEK 
DOC  CON  FOR  D  R  WESTERVELT 
DOC  CON  FOR  PW  KEATON 

SANDIA  LABORATORY 
LIVERMORE  NATIONAL  LABORATORY 
PO  BOX  969 
LIVERMORE,  CA  94550 

DOC  CON  FOR  BE  MURPHEY 
DOC  CON  FOR  TB  COOK  ORG  8000 

SANDIA  NATIONAL  LABORATORY 
PO  BOX  5800 

ALBUQUERQUE.  NM  87115 

DOC  CON  FOR  SPACE  PROJ  OtV 
DOC  CON  FOR  AD  THORNBROUGH 
DOC  CON  FOR  3141  SANDIA  RPT  COLL 

OTHER  GOVERNMENT 
DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 
WASHINGTON.  DC  20234 
RAYMOND  T  MOORE 

DEPARTMENT  OF  COMMERCE 
OFFICE  OF  TELECOMMUNICATIONS 
INSTITUTE  FOR  TELECOM  SCIENCE 
BOULDER. CO  80302 
WILLIAM  F  UTLAUT 
LA  BERRY 
A  GLENN  JEAN 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 
AEROSPACE  CORPORATION 
PO  BOX  92957 
LOS  ANGELES,  CA  90009 
IRVING  M  GARFUNKEL 

ANALYTICAL  SYSTEMS  ENGINEERING  CORP 
5  OLD  CONCORD  RD 
BURLINGTON,  MA  01803 
RADIO  SCIENCES 


THE  BOEING  COMPANY 
PO  BOX  3707 
SEATTLE,  WA  98124 
GLENN  A  HALL 
JF  KENNEY 

ESL,  INC 
495  JAVA  DRIVE 
SUNNYVALE,  CA  94086 
JAMES  MARSHALL 

GENERAL  ELECTRIC  COMPANY 
SPACE  DIVISION 
VALLEY  FORGE  SPACE  CENTER 
GODDARD  BLVD  KING  OF  PRUSSIA 
PO  BOX  8555 
PHILADELPHIA,  PA  19101 

SPACE  SCIENCE  LAB  (MH  BORTNER) 

KAMAN  TEMPO 
816  STATE  STREET 
PO  DRAWER  QQ 
SANTA  BARBARA,  CA  93102 
B  GAMBILL 
DASIAC 

WARREN  S  KNAPP 

GTE  SYLVANI A,  INC 
ELECTRONICS  SYSTEMS  GRP 
EASTERN  DIVISION 
77  A  STREET 
NEEDHAM,  MA  02194 
MARSHAL  CROSS 

ITT  RESEARCH  INSTITUTE 
10  WEST  35TH  STREET 
CHICAGO,  IL  60616 

TECHNICAL  LIBRARY 

UNIVERSITY  OF  ILLINOIS 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 

URBANA,  I L  61803 

AERONOMY  LABORATORY 

JOHNS  HOPKINS  UNIVERSITY 
APPLIED  PHYSICS  LABORATORY 
JOHNS  HOPKINS  ROAD 
LAUREL,  MD  20810 
J  NEWLAND 
PT  KOMISKE 

LOCKHEED  MISSILE  8i  SPACE  CO,  INC. 

3251  HANOVER  STREET 
PALO  ALTO,  CA  94304 
EE  GAINES 
WL  IMHOF  D/52-12 
JB  REAGAN  D652-12 
RG  JOHNSON  D/52-12 
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MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
LINCOLN  LABORATORY 
PO  BOX  73 

LEXINGTON,  MA  02173 
DM  TOWLE 

MISSION  RESEARCH  CORPORATION 
735  STATE  STREET 
SANTA  BARBARA,  CA  93101 
R  HENDRICK 
F  FAJEN 

PACIFIC-SIERRA  RESEARCH  CORP 
12340  SANTA  MONICA  BLVD. 

LOS  ANGELES'  CA  90025 
EC  FIELD,  JR 

PENNSYLVANIA  STATE  UNIVERSITY 
IONOSPHERIC  RESEARCH  LABORATORY 
318  ELECTRICAL  ENGINEERING  EAST 
UNIVERSITY  PARK,  PA  16802 
IONOSPHERIC  RSCH  LAB 

R&D  ASSOCIATES 
PO  BOX  9695 

MARINA  DEL  REY.  CA  90291 
FORREST  GILMORE 
WILLIAM  J  KARZAS 
PHYLLIS  GREIFINGER 
CARL  GREIFINGER 
HA  ORY 

BRYAN  GABBARD 
RP  TURCO 
SAUL  ALTSCHULER 


RAND  CORPORATION 
1700  MAIN  STREET 
SANTA  MONICA,  CA  90406 
TECHNICAL  LIBRARY 
CULLEN  CRAIN 

SRI  INTERNATIONAL 
333  RAVENSWOOD  AVENUE 
MENLO  PARK,  CA  94025 
DONALD  NEILSON 
GEORGE  CARPENTER 
WG  CHETNUT 
JR  PETERSON 
GARY  PRICE 

STANFORD  UNIVERSITY 
RADIO  SCIENCE  LABORATORY 
STANFORD,  CA  94305 
RA  HELLIWELL 
FRASER  SMITH 
J  KATSURFRAKIS 

CALIFORNIA  INSTITUTE  OF  TECHNOLOGY 
JET  PROPULSION  LABORATORY 
4800  OAK  GROVE  DRIVE 
PASADENA,  CA  91 103 
ERNEST  K  SMITH 


